elemental form to another species in anthropogenically contaminated soils and tailings. The sequential extraction and thermal desorption of mercury were approaches selected for this study. Mercury speciation was observed in both bulk samples and fractions with defined particle sizes.
Experimental procedure

Sample preparation and characterization
The samples of soil and tailings studied were collected from three localities (Zunmod, Boroo, Narangin gol) in the Selenge district of northern Mongolia. Intensive mining of small and medium-sized gold deposits in these areas has been continuing from the 1920s to the present day. Serious ecological damage has occurred as a result of metallic mercury and cyanide use in the primary treatment of gold-bearing ores. The samples from the Zunmod locality were collected by means of drilling; samples from Boroo and Narangin gol were collected by a geological probe.
All samples were provided in PE packaging without any treatment. The samples were freeze-dried for 24 hours at -50°C in a Christ Gamma freeze drier. Afterwards, the samples were sifted using a geological sieve (1.25 mm).
Thereafter, five sub-samples were sifted from the aliquot of bulk samples (below 1.25 mm) and samples of the following particle sizes were obtained: 1.25 -1, 1 -0.5, 0.5 -0.125, 0.125 -0.063 and < 0.063 mm. The subsamples were weighed and stored at 4°C until further analysis. The bulk samples were then homogenized on a Pulverisette 7 mill and also stored at 4°C. Special care was taken to maintain purity and thus to avoid contamination of the samples during all operations. Total, organic and inorganic carbon in the bulk samples was determined on a Vario TOC Cube analyser and the pH in the water suspension was measured using a pH meter. (The carbon determination was controlled by the standard of potassium hydrogen phthalate -No.: 35.00-0151, elementar, Germany).
The certified reference material CC 580 (No:0160, European Commission DG JRC, IRMM, Geel, Belgium) was used for this work. The total mercury content in this sediment is 132 ± 3 mg kg -1 and the methylmercury content is 75.5 ± 3.7 μg kg -1 . Artificial soil samples with four mercury species were prepared [32] . These samples contained 70% sand (Penta Czech Republic), 20% clay (SigmaAldrich, Germany), 9.5% peat (Agro, Czech Republic) and 0.5% calcite (Lachema, Czech Republic). The clay contained at least 30% kaolinite. Upland peat was dried and homogenized and its pH was adjusted from 4 to 6 using ground calcite. Three types of artificial soil containing the following combinations of analytes were prepared: HgS -Hg (II) bound to humic acids (soil A), HgS -HgCl 2 (soil B), and Hg 0 -HgCl 2 -HgS -Hg (II) bound to humic acids (soil C). (All the chemicals were from Sigma-Aldrich, Germany). Elemental mercury was adsorbed onto the sand in a flask. HgS and HgCl 2 were diluted with sand in the solid state. The column filled with humic acid was rinsed with an acidic solution (pH = 3) of HgCl 2 for 72 hours. Enriched humic acids were dried at room temperature and homogenized with the peat. All components of the artificial soils were homogenized in a mortar. The pure chemicals diluted with sand and enriched humic acids were also used for the preparation of calibration materials.
Sequential extraction and mercury distribution
First, the total mercury content in the bulk samples and in the subsamples was determined on an AMA 254 mercury analyser (Altec, Czech Republic) using solid sampling. The samples with high mercury contents (over 40 mg kg -1
) were diluted with sea sand (Penta, Czech Republic) before measurement. The homogeneity of samples was improved using this procedure. This procedure was verified using the certified reference material CC 580 and the artificial soil samples prepared with defined mercury contents. The CRM CC 580 was used for the verification of sequential extraction recovery and for the verification of methylmercury determination by the AMA 254 analyser.
The total organic mercury in the bulk samples was measured from the extract on the AMA 254 analyser. Each sample of 0.1 g weight was leached into 8 mL of chloroform (Penta, Czech Republic) in a 10 mL centrifugal tube on a GFL 3006 reciprocating shaker for 3 hours. This extraction step is considered as step F0 and be incorporated into the procedure before the following extractions. The liquid extracts were obtained using centrifugation on an EBA 20 Hettich centrifuge. The soil/liquid ratio was the same for all extraction reagents in the extractions. The residu obtained after the F0 extraction were used in the next procedure.
The sequential extraction procedure was performed on the bulk samples according to the following scheme: F1 with redistilled water -extracts mercury leachable in water; F2 with 0.5 M HCl -extracts mercury leachable under acidic conditions; F3 with 0.2 M KOH -extracts mercury bound to humic substances; F4 with 50% HNO 3 -extracts elemental mercury and mercury complexes; F5 with saturated solution of Na 2 S -extracts HgS; and F6 is solid residue -contains residual mercury. This procedure differs from the published scheme in the first extraction step [33] . The extraction time was 18 hours in F1, F2, F3, and F4, and 21 hours in F5. The solid residues were rinsed with redistilled water prior to changing each extraction solvent. All extraction reagents were prepared from p.a. chemicals (Sigma-Aldrich, Germany) with very low mercury content (< 5×10 -7 %). In addition, the whole sequential extraction procedure was performed for all the subsamples of bulk samples Zun 9, Zun 12, Bor 5, Bor 8, Nar 2 and Nar 8.
Thermal desorption analysis
The device for the thermal desorption of mercury compounds was composed of a heating unit prototype with argon thermoregulator. The argon served as a warming medium and carrier gas. A glass sampling tube and quartz cuvette were included in the optical system of the Perkin Elmer 306 AA spectrometer with deuterium background correction. The quartz cuvette was heated to over 800°C in an electric block to induce quantitative atomization. The behaviour of elemental mercury, mercury chloride, mercury sulfide, and mercury bound to humic substances was investigated. Thermal desorption was observed from 40°C up to 470°C. The heating rate was 30°C per minute and the gas flow through the cuvette was 0.5 L min -1
. A weight of 10 -100 mg of each sample was used for measurements.
First, the mercury release curves of the calibration set of samples were measured. The curves obtained were integrated and the dependence of peak area and height (absorbance) on mercury content was achieved. This calibration was verified using CRM CC 580. Further, the thermal behaviour of the artificial soil, all the bulk samples and the subsamples of Zun 9, Zun 12, Bor 5, Bor 8, Nar 2, Nar 8 was observed.
Results and discussion
Sample characterization
The lowest pH values were observed in the tailings of the Zunmod locality. The pH was slightly alkaline (Table 1) for the most of samples. The total carbon content in the samples studied was up to 2% with three exceptions. Organic carbon formed the major proportion in most cases (Table 1) . A high proportion of carbonates were observed in the samples Zun 16 and Nar 1, 2, 3, 4, 6. The subsamples with a particle size below 63 μm comprised the major part of the sample's weight ( Table 2 ). The fraction 0.5 -0.125 μm constituted the main share of the weight for the Bor 5, 6 and Nar 2 samples. The amount of particles below 63 μm had a considerable influence on the analytes' behaviour mainly due to large surface.
Total mercury content
The limit of quantification for the solid samples was 0.3 μg kg -1
. (All limits of quantification were calculated as ten fold standard deviation of the blank.) Three replicates were made for each sample; RSD (relative standard deviation) was below 2% with the exception of subsamples with particle sizes 1.25 -1 and 1 -0.5 mm due to lower homogeneity (RSD < 5%).
The total mercury content was relatively high for some samples (Table 3 ) and exceeded 10 mg kg -1 in more than half of the cases. The highest contents were observed in the Nar 2, 3 and 8 soils from the Narangin gol locality. For the Zunmod and Boroo localities, the levels of mercury found in the tailings were significantly higher than those found in the soil.
The insight into mercury distribution in individual particle sizes was very helpful ( Table 4) . The highest mercury contents were present in the finest particles (< 63 μm) for two thirds of the studied samples, especially in the Nar 2 (1930 mg kg -1 ) sample. The mercury levels in the coarse-grained fraction (1 -0.5 mm) were notable in the following samples: Zun 7, 10, 12 and Nar 3, 4. Samples Nar 4 and 8 evinced a downward trend in mercury content with decreasing particle sizes. This phenomenon may be caused by a specific binding of analytes to the sample matrix, since it is unexpected in terms of sorption behaviour.
Sequential extraction and mercury distribution
Three replicates were made for all samples and the mercury content was determined on the AMA 254 analyser. The mercury contents in F5 were calculated from the difference between the total mercury content and the sum of fractions. The relative standard deviation was below 5% for all other extraction steps. The limit of quantification was 0.3 μg kg -1 for F6 and 2 μg kg -1 for F1, F2, and F3. The limit of quantification for F4 was 20 μg kg -1 due to a necessary sample dilution. Some important points should be mentioned concerning the results of sequential extraction (Table 3) . First, the total content of organic species (F0) was below the limit of quantification (2 μg kg -1 ) for all the samples. The "mobile" mercury (fractions F1 and F2) in the samples from the Zunmod locality showed a much higher presence in the tailings than in the soil and these contents were comparatively significant in some cases. A distinct proportion of "mobile" mercury in the samples from Boroo was noted only in Bor 5 and Bor 12. The dependence of mercury bound to humic matter (F3) on the sample's character could be mentioned. This "semimobile" fraction constituted a substantial proportion especially in the dark samples with higher carbon content -Zun 9, Zun 17, Bor 10, Bor 11 and Nar 8. A low content was present in sandy soil such as in Bor 12. The content of "non-mobile" forms of mercury (fractions F5 and F6) was significant in the Nar 2 sample and in some tailings such as Zun 12 and Zun 13.
The considerable differentiation of mercury speciation according to particle size was observed for all the subsamples of Nar 2 (Fig. 1) . The main share of HgS (F5) was contained in the smallest particles at 1240 mg kg -1 . However, the resulting content of HgS in the bulk sample was 33.5% (Table 3 ) since the smallest particles constituted only 4.5% of the bulk sample weight ( Table 2) .
The mercury released in acidic conditions (F2) correlated (Pearson's correlation coefficient r = 0.998, p = 5×10 -6 ) with total content in the individual subsamples of Bor 5 (Fig. 2) . The amount of HgS grew substantially with decreasing particle size in both absolute and percentage terms. The correlation of F2 with total content was also evident in Bor 8 and the whole content of HgS was present in the finest particles. Such behaviour of speciation could be explained by the origin of these samples -these were tailings. It can be assumed that the sorption of inorganic divalent mercury releasable in F2 causes the dependence of increasing total mercury content on decreasing particle size. Afterwards, this mercury is changed into the most stable species -HgS. The same applies for the tailing Zun 12. The main mercury form of the Bor 8 subsamples was elemental mercury (F4), which is considered to be the first constituent of the subsequent speciation development and transformation of mercury forms. The mercury contents in F4 correlated with total contents in the subsamples for all three tailings.
The decreasing mercury content in the subsamples of Nar 8 was accompanied by a decrease in the mercury levels in F2, F4 and F5. The contents of mercury releasable in water (F1) and mercury bound to humic matter (F3) were stable in all the subsamples of Nar 8, in contrast to the other samples. The constant content of mercury in the most mobile fraction (F1) accompanied by the presence of organic matter could be explained by the strong influence of the soil matrix, which was confirmed in this sample.
The soil Zun 9 with the highest carbon content had a major share of mercury in F3. The maximum value was observed in size from 0.5 to 0.125 mm and the levels declined symmetrically to the largest and the smallest ). This trend appears to be natural due to the complexation capacity of organic matter which is the main factor for the speciation development of mercury in soils.
Thermal desorption analysis
The thermal behaviour of pure analytes in a calibration set was observed from the absorbance of 0.004 up to 0.8. The limit of quantification was calculated after peak area integration as 50 ng Hg in a single peak desorption of calibration materials. RSD for total mercury determination according to the peak area was below 5% which was determined from 20 replicate measurements of the thermal desorption of tailing Bor 6 and validated during all the measurements. The peaks for each species were in these temperature intervals: 60 -120°C for Hg 0 , 100 -220°C for HgCl 2 , 260 -350°C for humic Hg and 250 -430°C for HgS (Fig. 3) . The release curves in Fig. 3 show the desorption of 0.088 μg, 0.244 μg, 0.248 μg, and 0.308 μg of mercury in the Hg 0 , HgCl 2 , humic Hg and HgS forms, respectively. The desorption yield of mercury introduced into the artificial soils was always greater than 95%. The thermal waveform and its shape were species dependent.
An exact standard preparation and its homogeneity are very important for successful calibration. This was obvious, especially for elemental mercury. A poorly prepared sample exhibited an irregular desorption curve due to inhomogeneity caused by sorption enrichment of the sample. It was also necessary to work with this sample immediately after preparation due to potential losses by evaporation. The use of an atomizator (quartz tube heated to 800°C) was necessary for the The most regular curves were obtained for humic mercury and HgS.
The behaviour of artificial soils was studied as the next step. The mixture of HgS and mercury bound to humic acids in artificial soil A could be distinguished for lower absorbances in the content ratio of 1:1. The curve of soil A in Fig. 4 represents a desorption of 0.149 μg Hg in humic form and 0.216 μg Hg in HgS. The areas of individual peaks are not distinguished due to the other ratio of analytes.
The behaviour of HgCl 2 is very interesting, since the temperature of desorption in the artificial soil is shifted to the higher temperature and the shape is irregular. Such behaviour could be caused by the different desorption characteristics of crystalline HgCl 2 on the clay particles in the artificial soil. The desorbed mercury content in The desorption curve of soil C with all the analytes studied is presented in Fig. 3 . With the exception of the simplest situation in which all the species were in the same concentration, some difficulties were observed. The desorbed mercury contents in this case were 0.120 μg, 0.270 μg, 0.090 μg and 0.120 μg Hg in the form of Hg 0 , HgCl 2 , humic Hg and HgS, respectively. Elemental mercury could be determined; HgS could be identified, but without content determination. Mercury chloride and mercury bound to humic acids were not distinguished. The thermal shift of analytes in artificial soil compared to pure substances is also obvious.
All the bulk samples and selected subsamples were desorbed and some findings should be mentioned. An ideal curve for thermal desorption analysis is presented in Fig. 5 (desorption of 30 mg Zun 17). However, the contents of individual mercury forms could not be determined accurately due to differences in the thermal behaviour of artificial and real samples. This shape of release curve was also observed in the subsample with a particle size < 63 μm, not for the bigger particles.
The desorption curves for 10 mg of the three Zun 12 subsamples are shown in Fig. 5 . A simple symmetrical signal was recorded for most samples with peaks between 200 and 300°C. The explanation could lie in the amorphous structure of the analytes and in the matrix fitting. Nevertheless, the total mercury content in desorbed samples could be calculated from the curves' waveforms due to the linear dependence of peak area on mercury amount.
Conclusions
This work suggests possible speciation in the materials studied on the basis of performed experiments. It can be assumed that the contained elemental mercury is transformed by the environment to the bivalent form that can be released under acidic conditions. The reason for the mercury stabilization could be the complexation character of organic matter or the natural stability of cinnabar. This development was also observed in the studied materials.
The sequential extraction procedure used is clearly suitable for the mercury speciation analysis in contaminated soils and tailings. The samples exhibited high mercury contents with the highest levels in the finest particles. It can be assumed that this is the result of sorption on a large particle surface.
The thermal behaviour of four mercury species was characterized in this work. It was found that the behaviour of pure analytes is distinguished from their thermal parameters in artificial soils. The difference in behaviour of thermal mercury release is probably caused by the amorphous structure of the analytes in natural conditions and by the different matrix bonding. The total mercury contents could be determined according to this method and the thermal parameters of the studied materials could be assessed.
The obtained results allowed the nature and toxicity of mercury in the studied samples to be determined. Research in this field is also significant for work involving the remediation of contaminated materials.
